Amyloid formation is a hallmark of protein misfolding diseases (e.g. Type II diabetes mellitus). The energetically unfavourable nucleation step of amyloidogenesis can be accelerated by seeding, during which pre-formed aggregates act as templates for monomer recruitment. Hydrophobic-hydrophilic interfaces [e.g. AWI (air-water interface)] can also catalyse amyloidogenesis due to the surfactant properties of amyloidogenic polypeptides. Using thioflavin T fluorescence and electron microscopy, we demonstrate that the outcome of seeding on human islet amyloid polypeptide amyloidogenesis is dependent upon whether the AWI is present or absent and is dictated by seed type. Seeding significantly inhibits (with AWI) or promotes (without AWI) plateau height compared with seedless controls; with short fibrils being more efficient seeds than their longer counterparts.
INTRODUCTION
Amyloid diseases, such as DIIM (Type II diabetes mellitus) and AD (Alzheimer's disease), are all characterized by intraor extra-cellular deposition of aggregates of insoluble and misfolded proteins [1] . These diseases are chronic, degenerative and often associated with age-linked risk factors. As human life expectancies continue to increase and countries have to deal with ever-aging populations, our understanding of the fundamental mechanisms of amyloid assembly has become increasingly important. Although amyloid diseases are clinically unrelated and are the consequence of the misfolding of unrelated polypeptides, the aggregates deposited all arise from a conformational conversion resulting in a common pathological cross-β-sheet fold [2] . IAPP (islet amyloid polypeptide) is a 37 residue peptide normally co-secreted with the blood glucose controlling hormone insulin by the β-cells of the pancreas. IAPP aggregation has been shown to be cytotoxic to β-cells by disrupting membranes and also to cause cell death by inducing oxidative stress, which in turn triggers a pre-apoptotic pathway [3, 4] . Ultimately this contributes to the loss of β-cell mass and function, the main cause of DIIM. Thus, to fully understand the role of IAPP in DIIM, it is critical to elucidate the mechanism of its assembly and in particular the parameters that can influence the kinetics of its amyloidogenesis.
During amyloid formation, monomers associate in an energetically unfavourable reaction to form small and unstable nuclei [5] . If a critical monomer concentration is exceeded, after a period known as the lag phase, spontaneous formation of stable nuclei occurs. Then, the system enters the elongation phase and fibrils extend at the expense of monomers [5] . If the system is allowed to reach thermal equilibrium, the monomer concentration falls to the critical fibrillar concentration, at which fibril extension ends and the reaction reaches its plateau phase [6] . One consequence of nucleated growth is that the nucleation phase can be bypassed by the addition of preformed aggregates (e.g. fibrils or nuclei) in a phenomenon known as seeding. The aggregates serve as growth templates for monomer recruitment. Bypassing nucleation by seeding supports fibrilization of peptides that would not normally form amyloid at that concentration, or eliminates the lag phase of amyloidogenic peptides before rapid elongation begins [7] .
The pathological relevance of seeding has been first illustrated in infectious prion diseases, during which ingestion of pathological amyloid PrP Sc (disease-specific prion protein) seeds can trigger the conformational change and deposition of the native and harmless host PrP C (normal cellular PrP) [8] . Seeding can be achieved either by amyloid species of the same peptide (homologous seeding) or of a different peptide (heterologous seeding) [9] . Although heterologous seeding can occur, it is less efficient than homologous seeding [9] . In vitro and in vivo, seeding has been shown to occur in various amyloid systems, including IAPP [8, 10, 11] . In murine models of AD, only homologous seeding recapitulated the deposition pattern of the original amyloid strain, which demonstrates that the morphologies of host endogenous amyloid and of the introduced seed are both important [10] . The types of seeds can include a whole range of species ranging from small oligomers to fully formed fibrils. Small peptides found in body fluid samples could act as early indicators of a risk of developing amyloid diseases, and the search for evidence of misfolded proteins upstream of disease onset is now being carried out in vivo for diseases such as AD [12] . As a result, understanding the dynamics of seeding is an essential step in combating amyloid diseases.
The amphiphilicity of amyloid peptides confers on them surfactant properties, which allows them to lower the surface tension of water and to adsorb on to HHIs (hydrophobichydrophilic interfaces) [13] [14] [15] [16] [17] [18] . The adsorption at HHIs has a catalytic effect on amyloidogenesis, due to an increase in effective peptide concentration, peptide chain alignment and promotion of β-sheet formation occurring at the interface [15, 16, [18] [19] [20] [21] . This is significant in vivo because such interfaces are found in cellular membranes (phospholipid bilayers with a hydrophilic outer layer and a hydrophobic core), which are structurally and functionally damaged by amyloid species [2] . A model HHI is the AWI (air-water interface; polar aqueous solution and nonpolar gas), a ubiquitous feature of in vitro assays. Although the AWI is not as complex as in vivo HHIs (e.g. membranes), it represents a very attractive HHI model owing to its homogeneity, molecular smoothness and reproducibility. We have demonstrated that HHIs (AWI or lipids) have a catalytic effect on both IAPP and Aβ (amyloid β) fibrilization, with the catalytic effect of lipids being obscured by the presence of an AWI [16, 17] . We also proposed the existence of two separate pathways for nucleation, one dependent on micelle or intermediate formation in the bulk solution, and one dependent on monomer recruitment to the AWI [16] . The AWI is of crucial importance for amyloid kinetics and the thermodynamic implications of its presence on these kinetics should be systematically considered when performing in vitro assays. Unfortunately, much of the past research into amyloidogenesis has not taken this into account. In order to be able to extrapolate in vitro results to in vivo circumstances, one has to understand first the role and influence of in vitro factors and then to act upon them to try to recreate as much as possible an in vivo-like environment. Thus although preserving the AWI in in vitro assays allows the study of the influence and role of a model HHI on amyloidogenesis, removing the AWI provides a more physiologically relevant bulk system (e.g. where the AWI is absent), to which physiological HHIs may then be added.
In the present study, we investigated the effect of HHIs on the kinetic parameters of IAPP assembly. For this purpose, we used two different experimental conditions (absence and presence of an AWI) to study the dependence of IAPP kinetic parameters on the initial monomer concentration and on different types of homologous seeds (with a different length distribution). Both seeding and the AWI, independently, have been shown to significantly influence the kinetics of amyloidogenesis. However, to date no research has been conducted on the influence of the AWI, or more generally HHIs, on seeding of amyloid reactions. It is critical to establish the interplay between these two fibrilization catalysts as it will have an impact on the design of in vitro assays (i.e. using a more physiological context by removing the AWI), but more importantly will help to elucidate how seeding during amyloidogenesis in vivo may be influenced by cellular membranes. We clearly show that the presence of an AWI obscures the behaviour that amyloid species have in the system. Specifically, we demonstrate that it is only possible to observe the dependence of IAPP nucleation on the initial monomer concentration in the absence of an AWI. We also show that the outcome of seeding on IAPP kinetics is dictated by the presence or absence of the AWI and by the number of seed ends. As a possible explanation for our results, we suggest that lateral interactions between seed and monomer may become the dominant factor in determining the amount of fibrils formed at steady-state. Using modelling, we hypothesize that an interplay between facilitated diffusion of monomers (positive effect) and monomer sequestration on the seed sides (negative effect) may provide an explanation for the outcome of seeding in an interfacial-dependent manner.
EXPERIMENTAL

Synthetic peptides
Freeze-dried synthetic human IAPP (Bachem) was purchased already purified by reverse-phase HPLC. Freeze-dried and purified IAPP was resuspended in DMSO at 512.4 μM, sonicated and centrifuged for 1 h at 15 000 g at 4
• C prior to use (to remove any pre-aggregated species). DMSO was used to maintain IAPP in a monomeric pool lacking any β-sheet secondary structures [22] .
Seed preparation
IAPP (80 μM from a 512.4 μM stock in DMSO) was incubated in PBS for 2 h at 37
• C under continuous agitation. After the 2 h incubation, the reaction was either used as it was (nonsonicated 'S 0 ' seeds), sonicated three times for 5 s ('S 1 ' seeds), sonicated four times for 9 s ('S 2 ' seeds), or sonicated four times for 60 s ('S 3 ' seeds). To ascertain that the reaction was reaching a plateau in these conditions, an 80 μM IAPP reaction was incubated in parallel with 32 μM ThT (thioflavin T) in PBS in a 100 μl reaction volume and ThT fluorescence was measured at 37
• C on a BMG Polarstar plate reader (BMG Labtech) with orbital shaking (30 s every 39 s) (Supplementary Figure S1A at http://www.biochemj.org/bj/456/bj4560067add.htm). We also ascertained that the absence of ThT in the seed preparation did not affect our initial fluorescence measurements. To preclude any initial measurement artefacts due to binding equilibration of ThT to already formed fibrils, we compared the ThT fluorescence signals of seeds generated in the absence or presence of ThT. From Supplementary Figures S1(B) and S1(C), it is evident that the ThT fluorescence values obtained for seeds prepared in the absence or presence of ThT were identical, suggesting that ThT binding and equilibration to seeds was very fast and happened before our first measurement. A total of 4 μM of these seeds, prepared in the presence or absence of ThT, were also used in seeding reactions with 4 μM IAPP monomers, which showed no difference in ThT fluorescence signals (Supplementary Figures S1D and S1E ). This further supports that the presence of ThT was not required during seed preparation and that its absence during seed preparation did not affect any of the subsequent seeding measurements.
Fibrilization experiments
IAPP (4 μM from a 512.4 μM stock in DMSO) was incubated with 32 μM ThT in PBS in a 100 μl reaction volume, in the absence or presence of various concentrations of seeds and/or cylinder. ThT fluorescence (excitation 450 nm, emission 480 nm) was measured in a 96-well plate (black wall, clear bottom; Greiner Bio-One), at 37
• C on a BMG Polarstar plate reader using a bottom-bottom configuration (optical fibre system detecting emission signal from the bottom of the well). Experiments were carried out without orbital shaking. The reactions were performed in the absence or presence of Perspex cylinders (polymethyl methacrylate cylindrical rods of 6.6 mm in diameter and 6 mm in height with a hemispherical tip) introduced at the start of the reaction, as previously described and as shown in Figure 1 (A) (inset left-hand panel) [16, 17] . The introduction of the cylinders into the wells removed the AWI (hydrophobic gas and hydrophilic aqueous solution) and created a new hydrophilic-hydrophilic interface (Perspex-solution interface), due to the hydrophilicity of Perspex and its strong interaction with water rather than surfactants [23] . Being surface-active, amyloid peptides lower the surface tension of water, which triggers meniscus curvature [15] . The formation of air bubbles beneath the cylinder was prevented by the hemispherical tip of the cylinder, which also compensated for the meniscus curvature. 
Surface activity measurement
The DMSO stock solution of IAPP was diluted to 4 μM in 200 μl of PBS, or the seed preparations were diluted to 4 μM in 200 μl of PBS, and dispensed in a 96-well plate (black wall, clear bottom; Greiner Bio-One). Surface activity was measured every minute for 2 h at 520 nm on a BMG Polarstar plate reader at the central and offset positions, as described previously [14] ; A = (A offset position − A central position ). At least three independent assays were performed and analysed with the two-sample Student's t test.
Transmission electron microscopy
Fibrilization reactions (8 μM IAPP in the presence or absence of an AWI, 80 μM IAPP seeds, 4 μM IAPP monomers seeded with 4 μM seeds) were harvested when the plateau phase was reached (as measured by ThT fluorescence emission). The solutions were adsorbed on to Formvar or pioloform-coated 400 mesh copper grids, negatively stained with 2 % aqueous uranyl acetate, washed with distilled water, air-dried and viewed with a Tecnai electron microscope (Philips). The width and length of the seeds observed (n = 12) were measured.
RESULTS
ThT, a classical amyloid dye, was used to follow IAPP fibrilization since its fluorescence properties change (emission from 445 to 482 nm) when intercalating into stacked β-sheet amyloid structures [24] .
The presence of the AWI obscures the dependence of IAPP nucleation on the initial monomer concentration
We and others have previously demonstrated that the mechanisms of surface-induced amyloid fibrilization are clearly different from those occurring in bulk solution and that HHIs can substantially promote the fibrillar assembly of various amyloid systems [16] [17] [18] 20, 21] . As previously demonstrated for other IAPP concentrations, the absence of an AWI (a ubiquitous in vitro HHI) influenced the kinetic parameters of an 8 μM IAPP reaction by significantly reducing the elongation rate (13-fold) and plateau height (∼5-fold) ( Figure 1A , left-hand panel) [16] . The AWI was replaced by a hydrophilic-hydrophilic interface by introducing Perspex cylinders to the wells, as described in the Experimental section ( Figure 1A , left-hand panel inset). We ascertained that Perspex cylinders did not affect ThT fluorescence by monitoring the fluorescence in control wells with or without a cylinder. A similar low invariant ThT background signal was detected for both and this signal was subtracted from the test wells. We also confirmed, by performing electron microscopy, that both conditions (presence and absence of an AWI) led to the formation of fibrils ( Figure 1A , right-hand panels). For an 8 μM IAPP reaction at plateau, we observed individual fibrils and fibril bundles formed from laterally clumping fibrils in the presence of an AWI, whereas only individual fibrils were observed in the absence of an AWI. Similar findings were previously reported for 4 μM IAPP reactions at plateau in the presence and absence of an AWI [16] . Furthermore, it is also evident from the electron micrographs that the presence of the AWI led to more fibrils being formed than in the absence of an AWI. These results suggest that the difference in plateau heights observed in the ThT reactions in the presence and absence of an AWI was related to the amount of fibrils formed. Thus it seems highly likely that the absence of an AWI impeded fibril formation and resulted in fewer fibrils being formed than in the presence of a catalytic AWI.
In contrast with what is expected from a nucleation-dependent polymerization, the length of the IAPP lag phase (i.e. the time required for nucleation) in the presence of an AWI was previously shown to be independent of the initial monomer concentration (i.e. not scaling in inverse proportion to it) [11] . Therefore we assessed whether this independence of nucleation on the monomer concentration was due to an interfacial effect, such as the presence of an AWI. In the presence of an AWI, increasing the initial concentration of IAPP monomers (from 4 to 8 μM) did not significantly affect nucleation, but linearly increased the elongation rate and plateau height (R 2 = 0.91 and R 2 = 0.92 respectively), as previously observed by Padrick and Miranker [11] Figure S2) . However, the increase was much higher in the absence of an AWI.
Therefore, only in absence of the catalytic AWI, is it possible to observe the expected behaviour for a nucleation-dependent polymerization, with IAPP nucleation being clearly dependent on the initial monomer concentration.
In IAPP reactions seeded with fibrils, the plateau height is the only kinetic parameter dependent upon the presence or absence of an AWI After establishing that the main effect of the AWI is on the early events of IAPP amyloidogenesis, we then investigated conditions that can affect nucleation, such as seeding. We first used 'simple' seeds (i.e. fibrils, 'S 0 ' seeds) but in contrast with other studies we determined their effect without the interference of the catalytic AWI.
Monomeric reactions (4 μM) were seeded with various concentrations of fibrils (0.5-4 μM), both in the presence and absence of an AWI, and the kinetic parameters of IAPP fibrilization were compared ( Figure 2 ). The seed concentration is indicated in monomer units, i.e. as the initial monomer concentration used to prepare the seeds. We ascertained that the seeds themselves did not contribute to the ThT signal in test wells. When added to control wells (ThT and buffer alone), the seeds did not generate a ThT signal above background level (results not shown). It is evident from Figures 2(B) and 2(E) that the promotion of IAPP nucleation by S 0 seeds was not affected by the presence of the AWI. Indeed, both in the presence and absence of an AWI, the lag phase was either significantly decreased or abolished (i.e. the lag phase being bypassed and the reaction already elongating when the first measurements were taken) by increasing concentration of S 0 seeds. In both cases, a linear correlation between the lag phase decrease and the increase in seed concentration was observed (R 2 = 0.79 with AWI, and R 2 = 0.91 without AWI). In the presence and absence of an AWI, the elongation rates of the IAPP seeded reactions also followed a similar trend, starting with a decrease (low seed concentration) and then increasing (with high seed concentration) ( Figures 2C  and 2G ).
From Figures 2(D) and 2(H), it is evident that the only kinetic parameter affected in an interface-dependent manner is the plateau height. Indeed, in the presence of an AWI, a linear correlation was observed between the decrease in plateau height and the increase in seed concentration, with a significant 1.8-fold decrease with 4 μM seeds ( Figure 2D , R 2 = 0.96). In contrast, in the absence of an AWI, the trend was towards a plateau height increase with increasing seed concentrations, even if it was significantly decreased by 0.5-2 μM seeds ( Figure 2H ).
The outcome of seeding is dependent upon the presence and absence of an AWI and is dictated by the number of seed ends
Increasing the amount of seeds in a reaction can increase both the mass of seeds and the number of seed ends. In order to distinguish between these two parameters, we used sonication of fibrils to Figure 3 The outcome of seeding is dictated by the presence or absence of an AWI and the number of seed ends (A) Sonication generates shorter fibrillar species with a more homogeneous size distribution. Electron micrographs of negatively stained S 0 (non-sonicated), S 2 (fibrils sonicated four times for 9 s) and S 3 seeds (fibrils sonicated four times for 60 s). Scale bar, 100 nm. The white arrows indicate helical twists in the fibrils. (B) In a seed-end-dependent manner, the presence of an AWI inhibits the plateau height at the end of IAPP seeded reactions, whereas the absence of an AWI promotes it. IAPP monomers (mon) at 8 μM, or 4 μM IAPP monomers in the presence of 4 μM seeds (S 0 , S 1 , S 2 or S 3 ), were incubated with 32 μM ThT with or without AWI at the beginning of the reaction. Changes in ThT fluorescence were monitored (top panels) with the lag phase of fibrilization, the elongation rate and plateau height depicted (bottom panels). The 4 μM IAPP monomer reactions at plateau in the presence of an AWI, which were seeded with 4 μM S 0 , S 1 or S 3 seeds, were negatively stained and viewed on a Tecnai electron microscope (middle panels). Scale bar, 200 nm. **P < 0.03 when compared with 8 μM IAPP monomers without seeds. a.u., arbitrary units. The means + − S.E.M. for at least three independent assays is shown.
increase the number of seed ends without varying the seed mass. In other words, sonication enabled us to establish whether the number of seed ends, or the length of the seeds, were important in the seeding of IAPP reactions. In addition to non-sonicated S 0 seeds, we used seeds generated from S 0 seeds by increasing the sonication level; three times for 5 s (S 1 seeds), four times for 9 s (S 2 seeds) or four times for 60 s (S 3 seeds). S 0 seeds were fibrils of 12.2 + − 2.0 nm width, several micrometres long and with typical helical twists ( Figure 3A ). S 2 seeds were short fibrillar species of 11.1 + − 1.5 nm width and a minimal length of 258 + − 42 nm, and S 3 seeds were protofibrillar species of 11.2 + − 1.8 nm width and of two main lengths, 48 + − 11 nm and 113 + − 30 nm ( Figure 3A ). Monomer reactions (4 μM) were then seeded with 4 μM of the different seed types (total concentration of 8 μM), both in the presence and absence of an AWI, and the kinetic parameters of IAPP fibrilization were compared with those of an equivalent concentration of monomers (8 μM) ( Figure 3B ). Therefore only the number of ends and/or size of the seeds, rather than the mass, Fold differences, when compared with that of reactions with a similar concentration of IAPP monomers as an initial condition (no additional seeds, e.g. 4 μM monomers with 0.5 μM seeds are compared with 4.5 μM monomers), for the lag phase (A), elongation rate (B) and plateau height (C) as a function of seed concentration, in the presence (left-hand panels) and absence of an AWI (middle panels). The horizontal line in the histograms indicates that no difference was observed between the seeded reaction and the non-seeded reaction (fold difference of 1). In (A), data below 1 indicate a promotion of nucleation, as nucleation takes a shorter time; whereas in (B) and (C), data below 1 indicate an inhibition of the elongation rate and plateau height. The fold differences for the elongation rate and plateau height (B and C, right-hand panels) measured in the presence of an AWI are plotted against those measured in the absence of an AWI. The black line in these represents x = y, data points on this line would indicate independence from the effects of an AWI.
were varied. As previously observed with 4 μM S 0 seeds, the lag phase was abrogated by 4 μM of all the other seed types in an AWI-independent manner. The elongation rate was dependent on both the interface and seed type. The general trend was an increase in rate with the increase in the sonication level of the seeds, but only in the absence of an AWI were all the seed types significantly promoting the rate. The plateau height was highly interface-dependent and to a lesser extent dependent on the seed type. Indeed, an overall significant inhibition was observed in the presence of an AWI, whereas an overall significant promotion was observed in the absence of an AWI. To confirm that the differences in plateau height observed were the result of a less efficient fibrilization reaction, we performed electron microscopy on samples from seeded reactions at plateau ( Figure 3B , middle panels). In the presence of an AWI, reactions seeded with either S 0 or S 1 seeds clearly led to fewer fibrillar species being formed than the reaction seeded with S 3 seeds, as the ThT signals suggested. Therefore it is clear that the presence or absence of an AWI dictates the outcome of seeding on IAPP kinetics. It is also evident that there is some level of dependence of the seed number and/or size on the outcome of seeding.
We then investigated further the dependence of the outcome of seeding on the number of seed ends by using various concentrations of the different seed types. To 4 μM monomer reactions were added various concentrations of the different seed types, both in the presence and absence of an AWI, and IAPP kinetic parameters were compared with those of an equivalent concentration of monomers (Figure 4 and Supplementary Figures S3-S5 at http://www.biochemj.org/bj/456/bj4560067add.htm). Both in the presence and absence of an AWI, the promotion of IAPP nucleation (i.e. reduction in the length of the lag phase) was only dependent on the seed concentration when fibrils were used as seeds ( Figure 4A ). This promotion was only marginally dependent on seed size and/or number of ends since only the lag phase of seeded reactions with fibrils (S 0 ) were distinct from those with all the other seed types. In contrast, the elongation rate was dependent on the seed type ( Figure 4B ). This dependence was more pronounced in the absence of an AWI than in its presence, which is evident from the scale difference in the y axis in Figure 4 (B) between ' + AWI' (left-hand panel) and ' − AWI' (middle panel). In the presence of an AWI, elongation was only dependent on the seed type rather than their concentration, Dynamic measurement of the surface activity for solutions containing different concentrations of either monomers (mon), S 0 or S 1 seeds (A-D), with the surface activity at 120 min (E) and the rate to reach the final surface activity (F) depicted. a.u., arbitrary units. The means + − S.E.M. for at least three independent assays is shown. **P < 0.03.
whereas in the absence of an AWI, elongation was dependent on both the seed type and their concentration. Overall, in the presence of an AWI, the increase in sonication level did not significantly inhibit the plateau height further, but the increase in seed concentration did ( Figure 4C ). Therefore, in the presence of an AWI, the effect on plateau height was seed-concentrationdependent, but not dependent on seed size and/or number of ends. Overall, in the absence of an AWI, the promotion in plateau height was not dependent on the concentration of seed, but was marginally dependent on the sonication level ( Figure 4C ). When directly comparing the fold differences for the rate and plateau in the presence of an AWI to those in the absence of an AWI, it is particularly striking that of all the data points concentrate below the x = y line towards the fold difference in the absence of an AWI ( Figures 4B and 4C , right-hand panels). This further reinforces the interface-dependence of the seeded reactions.
Small seeds are more surface-active than their larger counterparts, but their adsorption to the AWI is slower than that of monomers
As we demonstrated that the outcome of seeding was dependent on whether the AWI was present or absent, we assessed the surface activity of seeds themselves and compared it with that of IAPP monomers. For this purpose, we used a previously described technique, which is based on an off-axial light beam measuring the lensing effect of a meniscus [14] . Normalizing the apparent absorbance measured at the offset using the absorbance measured at the central axis ( A) gives a value strongly inversely correlated with surface tension (R > 0.97) [14] . Dynamic measurements were taken for 0.5-4 μM IAPP monomers, which allowed the assessment of the surfactant activity of amyloid precursors in the entire system ( Figures 5A-5E ). The surface activity of IAPP monomers increased in a concentration-dependent manner, from ∼0.45 to 0.88 A. We then measured the surface activity of two types of seeds, S 0 and S 1 . In contrast with IAPP monomers, for which the optimal surface activity was observed at the start of the measurements, the surface activity of the seeds increased over time to reach, in some cases, a plateau (e.g. for 4 μM seeds) ( Figures 5A-5E ). However, and similarly to IAPP monomers, the 'final' A reached during the time course increased with increasing concentrations of seeds, from 0.12 to 0.58 A for S 0 , and 0.31 to 0.62 A for S 1 seeds. Strikingly, the 'final' A for S 1 seeds was always significantly higher than that of S 0 seeds, except for 4 μM. We also assessed the rate at which the seeds reached their final A ( Figure 5F ). Similarly to the final A, the rate was always significantly faster for S 1 than for S 0 seeds. Therefore for every concentration tested, the hierarchies of surface activity and of the rate for reaching the final surface activity are monomers > S 1 > S 0 seeds. It has to be noted that every concentration of monomers or seeds tested displayed a final surface activity significantly higher than that of the PBS buffer (∼0.05 A).
Exploring the relationship between the initial seed density and the final amount of fibrils in the system (theory)
Having demonstrated that the outcome of seeding on IAPP amyloidogenesis, in particular the plateau height, is AWIdependent and is dictated by seed type, we used biophysical modelling to probe mechanisms that may explain our experimental results. Although the maximal ThT fluorescence obtained at the end of our fibrilization reactions (plateau height) cannot be directly equated to fibril mass, we have provided strong evidence that the ThT signals observed were related to the amount of fibrils formed (electron micrographs in Figures 1A and 3B ). Therefore we investigated theoretically possible explanations for the relationship between the initial seed density and the final amount of fibrils in the system.
If an amyloid system is allowed to reach thermal equilibrium, the monomer concentration falls to the critical fibrillar concentration and the length distribution of the fibrils follows an exponential distribution [6, 25, 26] . However, a typical amyloid fibrilization may not reach thermal equilibrium within the usual experimental timeframe (e.g. days). Three results support this statement; the length distribution of a fibrillar system does not seem to follow an exponential distribution [27, 28] ; the properties of the system at the end of the experiment, such as the height of the plateau, are highly dependent on sample preparation, as seen in Figures 1-3 ; and the morphology of the fibrils is observed to continue to evolve even after weeks of incubation [29] . Moreover, in the context of seeding and in order to reach thermal equilibrium, a pre-seeded system of amyloid fibrils has to be able to erase the system initial conditions, in particular the memory of the initial number of seeds. This implies that the fibrillar system has to have enough time to completely remodel some of the fibrils. This means that many fibrils have to be disintegrated completely by thermal fluctuations, which is a highly improbable event in a typical experiment. Indeed, amyloid fibrils are highly stable, as exhibited for instance by their high tensile strength, and by the lack of breakage events observed in amyloid fibril in single-molecule experiments [30, 31] . These pieces of evidence suggest that the low fibrillar breakage rate is the reason why an amyloid system does not reach thermal equilibrium in typical experimental conditions. Therefore for our modelling we considered amyloid fibrilization, in a typical experimental timeframe, as a fundamentally nonequilibrium process, which has important implications for the study of the kinetics of amyloidogenesis.
Although a fibril is unlikely to break completely, monomer detachment from the ends of fibrils would occur more readily given its much lower energetic barriers ( Figure 6A ). Moreover, since such detachment is locally driven by thermally activated processes, it is unlikely to be dependent on the overall length of the fibril. On the other hand, monomer addition to a fibril may be influenced by facilitated diffusion, as previously discussed in the context of amyloid fibrilization [32, 33] . During this process, a monomer first binds to the side of the fibril through weak attraction, then diffuses along the length, and finally becomes fibrilized at the fibril ends ( Figure 6B) . Circumstantially, the fact that monomers and fibrils are mutually attractive is supported Figure 6 Theoretical modelling of the relationship between initial seed density and final amount of fibrils in the system (A) Model of the growth of an amyloid fibril. The grey parallelograms denote the individual fibrilized monomers and the fibrillar axis is horizontal. The only kinetics assumed here are the addition and detachment of monomers at the fibrillar ends, with rates a and b respectively. The detachment of monomers from the side of the fibril, as indicated by the crossed-out arrow, is assumed to be negligible. This is because in order for a fibrilized monomer to detach from the side, it has to break two fibrilized sets of bonds (represented by a broken line) with the neighbouring monomers, which is much less likely than the breakage at the fibril ends, where only one fibrilized set of bonds needs to be broken. (B) Model of the growth of an amyloid fibril through lateral association of monomers to the fibril sides. Monomers first bind weakly (with rate k ) to the lateral sides of fibrils, and then diffuse along the length of the fibrils until they reach the fibril ends where they bind specifically and tightly (with rate a). Only monomers close to the ends of the fibrils participate in elongation. During diffusion and if the fibril is too long, monomers can detach (with rate h) from the sides of fibrils before reaching the fibril end. Note that this detachment concerns only monomers that are weakly bound to the side, but not the fibrilized monomer within the fibril, which we have assumed to be stable. Furthermore, the aforementioned monomer detachment occurs at the fibril ends (with rate b). (C) At steady-state, the final fibril mass F ss is expected to vary with the average length of fibrils L in the system. For short fibrillar seeds, monomers can bind laterally on their sides, diffuse along without any hindrance and detachment, and contribute to elongation (the situation represented by the ascending part of the curve). As the size of fibrillar seed increases, an optimal seed length for binding, diffusion and elongation is reached (represented by the curve plateau). Beyond this fibrillar seed length, the seeds become too long for all laterally bound monomers to reach the fibril ends and contribute to elongation. This creates a monomer sink, withdrawing increasing amounts of monomer from the reaction as L increases and resulting in a progressively decreasing yield of fibril (represented by the descending part of the curve). As a result, F ss decreases.
by the evidence that monomers have been shown to be adsorbed more strongly at the AWI in the presence of an adsorbed layer of amyloid fibrils [17] . We therefore considered the situation where monomers can attach to (with rate k) and detach from (with rate h) the sides of fibrils and we investigated the consequence of such interactions on the kinetics of fibrilization.
To model such a system, we denote the fibril mass density by F, the monomer mass density by M, the mass density of laterally associated monomers by S, and the number density of fibrils by y, which is assumed to be fixed. We approximate the temporal evolution of the system by the following set of differential equations:
where L denotes the typical length of a fibril in the system, a denotes the elongation rate and b denotes the detachment rate of a single monomer from the ends of a fibril ( Figures 6A and  6B) . To obtain an expression for a, we consider the scenario where the monomers that contribute to fibrillar elongation come purely from the monomers that are already associated with the fibril laterally. In this scenario, the mass density for the laterally associated monomers at position s(x) of a fibril satisfies the following differential equation:
where D is the diffusion coefficient for the laterally bound monomers on the fibril, x corresponds to the position from one end to the other, and ᭞ 2 S denotes the diffusion term ∂ 2 s/∂x 2 . We also assume that s(x = 0) = s(x = L) = 0, which amounts to the assumption that elongation is rapid once a monomer reaches the ends of a fibril. Note that by definition
We now focus on the steady-state solution, at which
Furthermore, we have the following expressions for the steadystate mass densities:
where C 0 is the total mass density of the proteins in the system. For L values much smaller than √ D/ h, i.e. when the length of the fibril is small enough that a bound monomer can usually diffuse from one end to the other without detaching from the fibrillar sides, then we have
As a result, the fibril mass density at the steady-state actually increases with L. This corresponds to the familiar scenario of facilitated diffusion in the context of protein-DNA binding [34] . On the other hand, in the opposite regime, i.e. L √ D/ h , we have
which signifies that the fibril mass density at the steady-state decays with L. Note that the fact that facilitated diffusion can deter bimolecular binding has also been discussed again in the context of protein-DNA interactions [35, 36] . Figure 6 (C) shows F ss as a function of L schematically.
DISCUSSION
Many diseases are characterized by the deleterious misfolding of polypeptides, which results in toxic amyloid aggregation and deposition. These amyloid-forming polypeptides share similar physico-chemical properties, which allow them to assemble into a similar cross-β-sheet structure [7, 24, 37] . One such property is amphiphilicity, which is responsible for their adsorption to HHIs. HHIs catalyse amyloidogenesis by increasing the effective peptide concentration and promoting β-sheet formation [15, 16, [18] [19] [20] [21] . HHIs are typically represented in vivo by phospholipid membranes and in vitro by the ubiquitously present AWI. Although the AWI does not fully encompass the complexity of in vivo HHIs (e.g. membranes), it represents a very attractive in vitro HHI model, which is very easy to manipulate. However, most in vitro studies do not take into account the biophysical consequences of amyloid surfactant activity and ignore the potential importance of the AWI, in particular for the kinetics of amyloidogenesis. The goal of the present study was to use an integrated biophysical modelling and experimental approach to investigate the role of interfaces in influencing the kinetics associated with homologous seeding of amyloidogenesis, under conditions more closely mirroring the in vivo context (in an AWI-free system). By comparing fibrilization reactions in the presence and absence of an AWI, one can both study the influence and role of a model HHI on amyloidogenesis (AWI present) and also amyloid kinetics in a more physiologically relevant bulk system (AWI absent). We used IAPP as an amyloid system as it is critical to elucidate the mechanism of its assembly in order to fully understand the role of IAPP in DIIM.
We have shown that a linear-dependence of the promotion of IAPP nucleation on the initial monomer concentration can only be observed when the AWI is removed. Indeed, in the presence of an AWI, increasing the initial concentration of IAPP monomers did not significantly affect nucleation, as previously observed by Padrick and Miranker [11] . In both the presence and absence of an AWI, a positive linear correlation was observed between the increase in elongation rate and plateau height and the increase in monomer concentration, which is indicative of a first-order-dependence. HHIs, such as the AWI, were shown to substantially promote nucleation and assembly into amyloid fibrils [16, 18, 20, 21] . We previously proposed that, above a CMC (critical micellar concentration) or CAC (critical assembly concentration), nucleation can occur both by monomer recruitment at the AWI and also by micelle formation in the bulk solution, from which nuclei could predominantly originate [5, 16, 38, 39] (Figure 7, top panels) . This is further supported by the demonstration that, in the absence of an AWI and below the CMC/CAC, fibrillogenesis is not supported in a biologically relevant timeframe [16] . During Aβ assembly, the existence of micelles has been reported [39] . Our previous studies suggested that the CAC for IAPP was between 0.6 and 1.2 μM [17] . Consequently, the lowest concentration of IAPP monomers (4 μM) used in the experiments of the present study should Figure 7 The effect of the initial monomer concentration on the AWI and bulk pathways of nucleation Top two panels, schematic representation showing the two main nucleation pathways of amyloid formation, the surface (AWI-dominated) and bulk pathways. As a result of the surfactant property of amyloid peptides, monomers adsorb to HHIs, such as the AWI. At the AWI, the effective monomer concentration is increased due to the smaller interfacial volume (a two-dimensional system) than the bulk volume (a three-dimensional system). The AWI also allows amyloid peptides to align their amino-acid side chains according to their properties, therefore increasing the likelihood of forming nuclei. From these nuclei, fibrils will form and remain at the AWI. As a result, nucleation occurs more quickly at an AWI than it does from bulk micelles or intermediates. Moreover, nucleation will only occur in the bulk solution if the AWI is saturated with peptides and if the monomer concentration is above the CMC or CAC. Thus the majority of nucleation and elongation will occur at the AWI if it is present. In the absence of the AWI, the system is reliant upon the bulk pathway, which mainly involves the formation of micelles or assembly intermediates (when the monomeric concentration is above the CMC/CAC). Bottom six panels, schematic representation of the effect of the initial monomer concentration on the two pathways of amyloidogenesis. In the presence of an AWI and above the CMC/CAC, the AWI is saturated with adsorbed monomers. Increasing the initial concentration of monomers only allows the formation of more micelles/intermediates in the bulk solution. However, since nucleation occurs more rapidly at the AWI than it does from bulk micelles/intermediates and also because the AWI is saturated with monomers, the AWI pathway is at its optimum and dominates. Therefore the rate of nucleation remains constant and independent of the monomer concentration. In the absence of an AWI and above the CMC/CAC, nucleation relies on the formation of bulk micelles/intermediates. Therefore as the monomer concentration increases so does that of micelles/intermediates. Thus the rate of nucleation increases proportionally to the monomer concentration.
be above the CAC. We propose that, in the presence of an AWI and above the CMC/CAC, the AWI is saturated with monomers and micelles are formed in the bulk solution ( Figure 7 , left-hand panels). Owing to this saturation and to the fact that the AWI is able to increase the effective local monomer concentration, nucleation is no longer limited by the monomer concentration and becomes independent of it. In the absence of an AWI and above the CMC/CAC, nucleation relies solely on the formation of micelles in the bulk solution (Figure 7, right-hand panels) . By nature, the concentration and the formation of these intermediates, and therefore nucleation, would depend on the initial monomer concentration. The elongation-rate-dependence on monomer concentration could be explained by the rate at which monomers replenish either the AWI or micelles/assembly intermediates. Since both the AWI and micelles/assembly intermediates have a characteristic size distribution, the rate of monomer release would be proportional to their mass.
Having clearly demonstrated that the difference between the absence and presence of an AWI is mainly on nucleation, we investigated homologous seeding (an effective way to affect nucleation). Fibril fragmentation (e.g. the generation of more ends), for example by agitation or sonication, has been shown to play a crucial role during the fibrilization of several amyloid systems, including IAPP [19, [40] [41] [42] [43] [44] . We used sonication as a controlled way to induce fibril breakage and to influence the number and length of initial seeds in the system, without varying the seed mass. Indeed, due to the fact that the fragmentation propensity of a fibril is proportional to its length, the thermal energy introduced into the system by sonication narrows the normally broad length distribution of the fibril and shortens the average fibril length [27, 28, [45] [46] [47] [48] [49] . As previously reported for β2-microglobulin fibrils, the length of IAPP fibrils decreased with increased levels of sonication, from μm (S 0 ) to ∼50 nm (S 3 ) long [47] . It is also apparent from our electron micrographs that the length distribution of the fibrillar species became more uniform with increased sonication. By initializing the system with either a small number of long seeds (S 0 , fibrils), a larger number of shorter seeds (S 1 ) or increasing numbers of even shorter seeds (e.g. S 2 and S 3 ), we observed a linear-dependence of the elongation rate on the number of seed ends. This suggests that the monomers were binding rapidly and tightly to S 1 , S 2 and S 3 seeds and that the binding followed simple first-order kinetics. We also found that the plateau height was clearly dependent on whether an AWI was present or absent, with an overall inhibition in the presence of an AWI and an overall promotion in its absence. In the absence of an AWI, the plateau height also showed a dependence on the type of seed used, with shorter seeds being more efficient at promoting it. Thus this result offers further clear evidence that the presence of an AWI leads to an underestimation of the system by obscuring the behaviour of amyloid species.
To dissect further the effect of the number of conformationally competent ends for monomer addition, we used various concentrations of all seed types (Figure 4) . The kinetic profile of IAPP and other amyloid systems is best described by considering a primary rate-limiting de novo nucleation (sigmoidal kinetics) followed by a secondary nucleation (hyperbolic kinetics) [11, 19, 41, 50] . Secondary nucleation consists of the elongation of newly formed aggregates by recruitment of monomers on to their ends. In seeded reactions, secondary nucleation dominates and accelerates the reaction. Changes in kinetic behaviours, from sigmoidal to hyperbolic, are evident in most, but not all, of our seeded reactions. Cohen et al. [50] have previously proposed that, above a CSC (critical seed concentration), the lag phase should be completely bypassed and the system should immediately enter elongation. In our experimental system, we found that the shorter the fibrils, the lower the CSC was, with S 0 < S 1 < S 2 < S 3 , and generally a lowest CSC being observed in the absence of an AWI. In the presence of an AWI, the CSC was between 1 and 2 μM for the S 0 , between 0.5 and 1 μM for S 1 , and below 0.5 μM for S 2 and S 3 seeds. In the absence of an AWI, the CSC was between 2 and 4 μM for S 0 , and below 0.5 μM for all the other seed types. This suggests that, above the CSC, the depletion of monomers through elongation of the seeds might become dominant over that through de novo nucleation or elongation of de novo fibrillar species.
It has been previously proposed that monomers first bind reversibly, through non-specific and weak interactions, to the lateral sides of fibrils and then diffuse along until they reach the fibril ends where they bind specifically and tightly ( Figures 6B  and 8A ) [32, 33] . This lateral weak association and facilitated diffusion were suggested to increase the overall rate of elongation by increasing the effective concentration of monomers, reducing the dimensionality of the search, and increasing the binding and recruitment of monomers to fibril ends [32, 51] . In the case of β2-microglobulin, laterally bound monomers were proposed to stretch in an extended and unfolded conformation to maximize their interaction with fibrils [32] . Crespo et al. [33] have also proposed that the lateral binding of monomers directly increases with the length of the fibril due to an increase in binding probability. On the basis of these previous experimental lines of evidence, we turned to biophysical modelling to suggest a possible explanation for our results. At steady-state, assuming that the seeds have a uniform length (as observed with increased sonication levels), our model also predicted that an increase in seeds should increase the final amount of fibrils in the system ( Figures 6C and 8C) . However, our model additionally predicted that this would be true only up to a certain seed length; a new inhibitory effect appears with longer seeds (e.g. S 0 ). This is caused by a non-productive sequestration of laterally bound monomers so far from fibril ends that the monomer is likely to dissociate before diffusing to an end for incorporation into the elongating fibril ( Figures 8A and 8B) . Conversely, short seeds would bind fewer monomers at any one time, and these would be nearer the fibril ends, less likely to dissociate, and thus more likely to contribute to elongation. Therefore, above a certain seed length, the positive effect of facilitated diffusion on elongation can be counteracted by the negative effect of sequestration of monomers on the seed surface ( Figure 8C ). In agreement with this model, we did indeed observe a dependence of the elongation rate on the size of the seeds, both in the presence and absence of an AWI, with longer seeds decreasing it and shorter seeds increasing it ( Figure 4B) .
At any given time, binding of monomers to seeds would be less efficient in the bulk than at the AWI, due to monomers experiencing a diffusion-limited three-dimensional search. Therefore elongating seeds would be shorter in the bulk than at the AWI and would sequester less monomer. Furthermore, we hypothesize that the system in the bulk may be driven by both de novo nucleation from micelles and elongation of the seeds. Thus overall elongation would be quicker in the bulk, which would lead to an increase in the steady-state signal at the end of the reaction, as we observed in the absence of an AWI (Figures 4B and  4C) . Although, we did not directly quantify the final amount of products formed in our assays, our electron micrographs strongly indicate that there was a relationship between plateau height (as measured by ThT fluorescence) and amount of product formed.
In contrast, seeding inhibited the plateau height in the presence of an AWI ( Figure 4C ). Although both monomers and seeds were surface-active, monomers were quicker at adsorbing to the (A) Dependence of seed elongation by monomers on the size of the seeds. For short seeds, the laterally associated monomers can rapidly diffuse to the end of the seed and participate in elongation (moderate positive effect of lateral diffusion). However, as the surface area on the side of the seed is small, only a few monomers can associate and elongation is not at its optimum (top seed). As the seed length increases, so does the lateral association of monomers and elongation reaches its optimum (maximum positive effect of lateral diffusion) (middle seed). Beyond an optimal seed length, the number of lateral binding sites for adsorbed monomers reaches a critical point, which leads to a negative sequestration effect. In this situation, the monomers bound towards the middle of the seed are sequestered and do not contribute to elongation as they cannot efficiently reach the end of the seed (hindrance in diffusion and detachment) (positive effect of lateral diffusion but maximum negative effect of sequestration) (bottom seed). Diff., diffusion; Seq., sequestration. (B) Dependence of the concentration of adsorbed monomers on the size of the seed. As monomers close to the end of the seed contribute to elongation, their concentration is low. As monomers far from the end of the seed do not contribute to elongation, their concentration is high. The further the adsorbed monomers are from the end of the seed, the higher their concentration is. (C) Dependence of the effects of lateral association on the seed size. Facilitated diffusion has a positive effect on seed elongation by adsorbed monomers, whereas sequestration has a negative effect on it. When the seed reaches a critical length, the facilitated diffusion has reached its optimum (plateau) and is overturned by the increasing sequestration effect (ascending line). Therefore elongation of the seed increases until a critical seed length is reached, beyond which seed elongation decreases.
AWI than the seeds ( Figure 5 ). Therefore it is more likely that the monomers would accumulate at the AWI rather than bind to the side of seeds. However, at the AWI, monomers may still associate with the seed ends, which may push the system to purely elongation-driven kinetics. This would first lead to a decrease in the level of de novo nucleation at the AWI and then to an increase in monomer sequestration as the seeds grow longer. Altogether, this would result in a reduction in the steady-state signal at the end of the reaction in the presence of an AWI.
In the present study, we demonstrate that promotion of IAPP nucleation by increasing monomer concentrations can only be observed in the absence of an AWI. We also clearly show that the outcome of homologous seeding is dependent upon whether an AWI is present or absent and is dictated by the number of seed ends. Indeed, seeding was far more efficient at promoting the kinetics of IAPP amyloidogenesis when short fibrillar species were used and when the AWI was removed. Hence, the role of seeding in amyloid formation has mostly been underestimated in in vitro studies, due to the presence of an AWI, and needs to be reappraised in the light of these results. Indeed, one should consider the interfacial effect of the system and study amyloid assembly in a more physiological context (i.e. without an AWI). Our findings have implications for the understanding of amyloid kinetics in vitro, which is relevant for the design of drug screening assays, but also in vivo where HHI such as membranes may critically affect the pathogenesis of amyloid diseases in general.
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